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Channeling Flow in Heterogeneous Aperture
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[n the Earth's crust, i'ock fractures cou[d play iinpo~'tant l'oles for t~uicl ~ow and materiai/heat ti'ansport 
with fluid, because it is expectcd ~hat fot' a ~~'actured ~'ock fi'actu~'e per~T]e~abi]ity coul(! be g~'eatei' than matrix 
permeability. Accurate understanding or fluid flow throtlgh rock r'i'actures Is most ftmdame]Itai arid essential issue 
tbi' furthe~' progress of the Eal'th's cl'ust environlT}ent~.1 engineei'ing al~d science, with l'espect to oL~~' environmental, 
energy and natural disaster pl'oblems. Accorciing: to previouS studies, l~emained issues fo~' accurate understanding 
of fluid flow th~'ough rock fractL~res are limited (Ind insL!ffiicier)t il~foi'mation fo~' i~uid tlow (channeiing flow) in 
hetel'ogeneous apei'ture structui'e for vai'ious kinds of (p].ctual ~'ock fi'actu~'es under various no~'mal stress, and luck of 
a practical technique for pl'ecise determination of aperture stl'uctL~re of the fractui'es to evalL~ate the phenomena and 
resu[ting hydl'au]ic pi'opei'lies. Additionally, the issues also _~:_.o t'ol' accui'ate understanding of vat'ious pllenomena 
with fluid flow in a rock l!tracture, because it is '.ugg:ested that the f~uid tlow (channeiing flow) in heterogeneous 
 aperture structure coulci gre~Itly affect t~'ansport properties ~lld ch(Inges of hyd~･aulic and tl'ansport propertles with 
fluic[=rock (dissolution ~mdlor precipltation) interactions. Objectives of this stLldy are to develop a practical 
technique tbr preclse determination of apertui'e structul'e of a rock fractu~'e under no~Inai stress, to evaiuate 
aperture structure and fluid ilow foi' various kinds of rock fl'actui'es under various normai stress, and to i'eveal 
heterogeneity of aperture structure ancl featt~res of channeling flow, togethel' with i'esuiting hydrauiic propei'ties 
(particuia~'1y, relationship between hydraulic apertL~re and mean ape~'~u~'e, (~nd hych'aulic anisotropy). In this study, 
to achieve the objectives, an experimental and l~u~~~e~'icai coupled approach was applled to various kinds of 
fi'actures ofgranite under various normal stresses. 
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 In chaptel' 2, hycirauiic aperture (pel'meability) was evaluated for various f~･actures (tensile i~･aciures and shear 
fracturcs) of granite undel' various norm~l streb~s (iO-iOO MPa) by ~ow-thi'ough experimei~ts using the 
P¥ubber-Con~ning Pressure Ve,sse{ (R-CP~f), ~vhioh ei~ables to }~ei'ibrm flow-throLlgh experimer!ts u~lder ihe 
normal stress, together with high-resolution i~~easurements of sui'f'ace g:eometries of the i~'actures. Permeabiiity of 
various kirids of i~'actures of granite was evaiuateci under normai stress up to I OO MPa, which is relatively highe~' 
nolTnai stress coinpared to previous studies. Experimental i'esuits suggested that accurate understanding of fluid 
flow through fi'actures *~vas essentia[ ibr fractui'ed granite e~en under compressive stress of 100 MPa, and which 
can go for mLlcll higher compressive sti'ess 1~eld. FocLlsing on tensile il'actu~'es of granlte, experimentai l'esults 
Suggested that different fluici tlow occurreci depending on apei'tL~i'e structure that changed with sheai' displacement 
as vvell ~s ~~orm<~l s~ress. ParticL!lar]y, it was e)ipected that for the fractt~res tluid ~o~~' changed sigj~it~lcantly only 
under relativeiy small she~r displacement because apertui'e structure changed signliicantly only L[nder the shear 
displaceme~~t. On the other hand, for shear i~'actu~'es or*gi'ani~e, experimental resu[ts suggested that diffel'ent f~uid 
flow occurred depenciing on aperture structui'e that cha~~ged llot only with shear displacement and normal stress 
but also with stress conclitions at fracture ci'eat[on. Additionally, surl'ace roughuess eva{uateci before experiments 
suggested that dii~~rent aperture structul'e and fluid tlow occL[rred between a shear fl'acture and a tensile fracture 
with eqL~ivalent shear displacemer]t even ul~del' the salTie norma[ stress. 
~n chapte~' 3, a high-resol~!tior! iluiTierica! ~~~odeling techf~ique, ~'vhich is based on resLlits of fiow-th~'ough 
expe~'iments, was proposeci foi' pl'ecise detel'mination of aperture structure and resuiting fluid flow for a rock 
rracture under nollr}al stress, and ape~'tL~re structure and resultillg fluid flow were evaiuated for tensile fractures of 
granite with various sheal' displacement (0-lO mlT}) under various r]ormal stress (10-100 MPa). Results suggested 
that fluid flow occL~11'ed in p~'eferential flow path (channeling flow) due to hete~'ogeneous aperture structure for 
various kinds of tensile fractures of grar}ite ~inder vai'ious normal stress, and that the phenomenon caused smalier 
hydraulic apertL~~'e compai'ed with arlthmetic mean value of locai apertures foi' entire fracture area (mean aperture). 
Additionally, it was also suggested that t~or rock fractures heterogene[ty of aperture structure and t~eattl~'es of 
channeling flow depended on shear displacement as weil as normal stress, and that both increase or decrease of 
ratio of hydraulic aperture to inean aperture occun'ed with increasing shear displacement, while only decrease of 
the ratio occurred with increasing normal stress. Because the pi'oposed technique was based on most convenient 






















































of hydraulic aperture (permeability), noi'mal stiff[1ess and shear stiffness with shear displacement, which were 
 obse~'vec[ in tlow-thi･ough experiments for tensile fi･actures of i･ocks, on the basis of the results. Biclirectional 
flow-through simulations for models ot' aperture st~'ucture sugg:ested that hydraulic anisotropy occul'i'ed for tensile 
~ractL[~'es of granite, and that hydraL!lic apel'ture tended to be greater for tlle clirection in perpendicular to sheai' 
 displacement. Additionally, it was also suggested that for the f~ractures hydi･auiic anisotropy couicl increase oi' 
decre~se with increasing shear displacement and couid increase wi~h increasing noi'mal sti'ess, although sti'uctural 
anisotropy tended to inc['ease with increasing shear dlsplacement and did not charlg~e obviously lyvith increasing 
norma[ sti'ess. 
lri chaptei' 4, the high-reso[ution nullrterica[ modeling technique, whici~ w~s d eveioped i~~ chapte~' 3, w~s also 
 applied to shea~' ri･actures oi' granite with I anci 5 mm shear r.iisplacement, which 1,ve~'e ci'eated unciei' 20 and 60 
 MPa norlnal stress for a sheai' plane, and aperture structu~'e anr.i ~L~id ~ow we~'c eval~~ated t'oi' the fi･act~~i'e under 
10-100 MPa no~'mal stress. Results showed that ~for sheai' f'i'actL~['es of granite chalTn~ling ~ow occurred due to 
hete~'ogeneous aperLu~'e strLlctLu'e depending on shea~' displacelnent (and irormal stl'ess as ~;vell as tensile 1'i'(EtctLu'es of 
granite. H:owever, it was also suggested that for sheai' fractures of _~ranite the phenomena also depenci on stress 
 condition at fi'acture creation that influenced sui'face geometi･ies at L!iracture gei~eration alld changes of surt'ace 
geometl'ies with sequential shear dispiacement. Results also showed that hydraulic apertul'e was smaller than 
 mean aperture, and suggested that fbi･ sheai' fi･actures ofgranite lrydrauiic aperture was greater fol' the diF'ection in 
 perpendicular to sheai' cilsplacement as well as fo~' tensiie rE･actures of granite. However, it was expected that 
changes of hydrauiic properties wel'e 1lrloi'e complex for the shear fractures compal'ed to thosc for the tensile 
 fi･actures. Comparlng aperture structure and fluid tlow betwe~n shear fractures and tei~siie fi'actures with 
equivalent shear dispiacement of gi'anite, It was showed that hetel'ogeneity of ape~'tu~'e structure and features of 
channeiing flow were diffel'ent between the fractui'es even under the same normal stress. Addltiona{Iy, i~ was 
showed that hydrauiic propertles could be different betwee~~ the fl'actures. It was sug*~:ested that for fractL!res of 
granite different channeiing flow occLLl~'ed in diftbrent heteroger]eous aperture structure that 1'esulted from 
dlfferent surface geometries due to different fr~cturing inode, and which could cause different hydraulic 
propertles. 
According to the above flndings, it is suggested that in the Earth's c~'ust fractures piay important roies for 
fluid flow and material/heat transport with fltiid even undel' colnpressive sti'ess of 100 MPa or much higher 
 comp皇『essi〉estress'“eld,wherec翫annelingtbwoccursduetoheterogeneousapertu1・estructureoffヤ・actures.and
 w撤chdetermineshydraulic(ortraηsport)pr()pertiesof圭、・actures.ForhydraLllicproperties,itisexpectedthat
 hydraL正Hcapertul'eissmaUercompal『eclwitilmeallapeltL!realldtelldstobegreater(b1'theclil'ectiollin
 pcrpendlculal`tosheardisplace鵬ilt-lowevel、heterogeneltyofapertllrestl'しlcture,featuresofcham]eiingflow
 andhyd「aulic(o「t「anspo「t)P「opeiltiescouidbedif琵ギeutbetweea、di団ellentkindsofiヤactu「esev-hcnthe
 士}『acturesaresし!bjectedtothesamellol'malstress.ForacGし1ratgdescl'iptionofflul(田owandmatet'ial/heattranspol't
 with磁uidlnaf、'actLlredr・ck・hydraulicalldtransp・rtpr・peltiesmustbek11・wnf。rexpecte(Hdnds・f貸actures
 ullderexpectednormalstress.Tlleexpelうimelltaland陰umericalcoupledapProachinthisstudyisexpectedto
 becomeoncofthemostpl→&cticalapPro&chestoobt融realistlcaHcipracticalinlbrmatlollofhydraullc鋤d
 trarlsportpropaしtieswithweHしmda'stancllngofcha群ηellrlg科owinheterogerleousaperturestt『uctureo'「rock
 貸・actu『es.
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 論文審査結果の要旨
 地殻内に発達するき裂は,地殻流体の流動揚として重要であり,またき裂を通じて地殻内の物質循環
 やエネルギー移動が生じている。き裂内の流動様式の解明は,地熱,石油,天然ガス貯留層の評価と開
 発,放射性廃棄物の地層処分,また地震の発生メカニズムの解析などさまざまな分野の基礎としてきわ
 めて重要である。現在,岩石き裂内の流体流動については,単純化されたき裂モデルによる解析が主流
 であるが,一方で,不均質間隙構造とこれに起因する不均質な流体流動が生ずると予測されており,よ
 り天然状態に近い流動モデルの構築が求められている。本論文は,花崗岩き裂内の不均質間隙構造にお
 ける流体のチャネリングフローの特徴と評価についてまとめたもので,全編5章よりなる.
 第1章は緒論であり,本研究の背景,および本研究の目的について述べている。
 第2章は,新たな封'圧下透水実験装置を開発し,io-ioOMPaの範囲の垂直応カー「での透水実験を,
 引張き裂とさまざまな条件で作成したせん断き裂に対して行い,かみ合わせ変位およびせん断変位を変
 化させて,き裂の透水性および水理間隙幅の乖直応力依存性を明らかにしている。新開発装置は当該分
 野の透水実験手法として高く評価されるものであり,さらに垂直応ガioOMPaにおいても岩石き裂は流
 体流動場として重要な役割を果たしていることを実験的に明らかにしている。これは有用な知見である。
 第3章は,透水実験と岩石のき裂表面形状の計測結果を基礎に,計算機を用いてき裂間隙構造をモデ
 ル化し,不均質き裂構造内の流体流動の数値計算を行い,実験結果を満足させる数値間隙モデルおよび
 き裂内の流体流路を導いている。これにより,引張応力下で形成された岩石き裂内では優先流路(チャ
 ネリングフロー)が形成されることを明らかにするとともに,かみ合わせ変位および垂直応力の変化に
 よるチャネリングフローの変化を明確に示している、この研究方法はき裂内の流体流動のシミュレーシ
 ョンに広く応用展開することが可能な成果であり,きわめて重要な知見である。
 第4章は,せん断破壊した岩石き裂に対し,せん断変位および垂直応力の変化によるき裂間隙構造と
 流体流路の変化を明らかにしており,優先流路の形成とその異方性について解析している。せん断き裂
 においてもチャネリングフローが生じること,また流体流動に寄与する間隙の割合などを定量的に評価
 している。すなわち,針圧下にある岩石き裂は,不均質間隙構造を示し,その結果,優先流路が普遍的
 生じることを示している。これはきわめて重要な成果である。
 第5章は結論である。
 以上要するに,本論文は,岩石き裂の不均質構造とこれに起因するチャネリングフローについて,透
 水実験と数値計算を組み合わせた新たな評価手法を提案し,その有効性を示すとともに,地殻内での流
 体流動の特性を明らかにしており,資源開発工学,環境科学に資するところが少なくない。
 よって,本論文は博士(学術)として合格と認める。
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